The signals causing resolution of muscle inflammation are only partially characterized. The long pentraxin PTX3, which modulates leukocyte recruitment and activation, could contribute. We analyzed the expression of PTX3 after muscle injury and verified whether hematopoietic precursors are a source of the protein. The kinetics of regeneration and leukocyte infiltration and the accumulation of cell remnants and anti-histidyl-t-RNA synthetase autoantibodies were compared in wild-type and PTX3-deficient mice. PTX3 expression was upregulated 3 d to 5 d after injury and restricted to the extracellular matrix. Cellular debris and leukocytes persisted in the muscle of PTX3-deficient mice for a long time after wild-type animals had healed. PTX3-deficient macrophages expressed receptors involved in apoptotic cell clearance and engulfed dead cells in vitro. Accumulation of cell debris in a proinflammatory microenvironment was not sufficient to elicit autoantibodies. We concluded that PTX3 generated in response to muscle injury prompts clearance of debris and termination of the inflammatory response.
inflammation, including acute myocardial infarction (9, 10) , kidney and intestinal ischemia (11, 12) , stroke (13) , atherosclerosis (14) , and vasculitis (15, 16) . PTX3 has impacts on the properties of inflamed tissues: PTX3-deficient (PTX3 -/-) mice underwent greater myocardial damage after coronary artery ligation and reperfusion than wild-type (WT) animals, an event associated with increased neutrophil infiltration and cardiomyocytes apoptosis (9) . Lack of PTX3 also aggravates ischemic kidney damage (11) . Neutralizing antibodies against PTX3 aggravate hemodynamic performance of WT animals during ischemia-reperfusion injury in a heart transplantation model (17) . Recently, the role of PTX3 in injured tissue repair has been investigated. PTX3 in the skin, lung and liver interacts with fibrin and plasminogen and contributes to tissue healing. This is dependent on the ability to provide scaffold that allows degradation of the provisional extracellular to inflammatory signals (eg, IL-1β and TNF-α) and Toll-like receptor activation (1, 3) . PTX3 is also induced in fibroblasts and endothelial cells, smooth muscle cells, adipocytes and lung epithelial cells upon stimulation (1) . The physiological functions attributed to pentraxins involve recognition and binding of different ligands: microbial moieties, complement components, apoptotic cell constituents, P-selectin and extracellular matrix proteins (4) (5) (6) (7) (8) .
In vivo studies have demonstrated that expression of PTX3 is upregulated in
iNTRODUCTiON
Pentraxins act as soluble pattern recognition molecules and are a component of the humoral arm of innate immunity (1, 2) . C-reactive protein and serum amyloid P-component are acute phase proteins released in response to inflammatory signals (1) . PTX3 is the first identified member of the long pentraxin family; it contains a well-conserved pentraxin domain at the C terminus and a unique N-terminal sequence. Macrophages, neutrophils and dendritic cells produce and release PTX3 in response 1 Maria Giulia Doglio, matrix that accumulates at the site of injury (18) . Clearance of debris is a critical step to allow effective reconstitution of injured tissues and induction of tolerance (19, 20) . PTX3 in vitro modulates phagocytic clearance of postapoptotic debris (3, 16, 21, 22) , a process that depends on PTX3's physical interaction with other humoral immunity molecules, in particular complement and ficolins (23) . In Fas-deficient mice, which are characterized by lymphoaccumulation and display features of lupus-like autoimmunity, absence of PTX3 impairs the phagocytic uptake of apoptotic cells by peritoneal macrophages and aggravates spontaneous lung inflammation (24) . Muscle stem cells have been shown to express autoantigens associated with idiopathic inflammatory myopathies (IIMs) (25, 26) , and apoptotic myoblasts have been shown to effectively trigger autoimmunity against skeletal muscle in the presence of appropriate adjuvant signals (27) . However, IIMs are rare diseases, suggesting that effective constraints physiologically restrict the onset of autoimmune response in skeletal muscle. These constraints have only been partially identified at the molecular level.
In healthy mouse skeletal muscle, PTX3 mRNA has been described to be undetectable. PTX3 is expressed within 4 h of LPS intravenous injection and is then rapidly downregulated; PTX3 mRNA is upregulated in vitro in proliferating and differentiated myoblasts in response to IL1β (28) .
Cardiotoxin (CTX) is a depolarizing snake venom that causes myofiber death (29) . Muscle injury causes acute inflammation and activates a regenerative response, which depends on satellite cells located under the basal lamina of muscle fibres, which proliferate, differentiate and fuse to yield new fibers (30) . The inflammatory response and activation of muscle stem cells are intermingled (31) . Here we relied on gene-modified animals and functional assays to assess contribution of PTX3 to the cross-talk between muscle necrosis, inflammation and regeneration.
Our results reveal a nonredundant role of PTX3 in the clearance of cell debris at the site of muscle injury and in the healing of injured tissue.
MATERiALS AND METHODS

Acute Sterile Muscle Damage
WT and PTX3 -/-C57BL/6 female mice (Charles River Laboratories) were used at 8-10 wks of age according to European Union guidelines and with approval of the institutional animal care and use committee of our institution (No. 512). Generation and characterization of PTX3-deficient mice have been previously described (32) . Mice were back-crossed to the C57BL/6 strain (B6, Charles River Laboratories) to the N11 generation. Mice were injected intramuscularly in the quadriceps with CTX (10μM, 100μl, Sigma-Aldrich) and euthanized before and at 1, 3, 5, 7, 10, 15 and 30 d following injury. Muscles were collected and frozen in liquid nitrogen. For immunofluorescence, muscles were eventually fixed in 4% paraformaldehyde (PFA) and treated with sucrose 30% before freezing (33, 34) .
Histology and immunofluorescence
Muscle damage and repair were evaluated after hematoxylin and eosin (H&E) staining using 10 μm thick muscle cryosections. At d 7, 10, 15 and 30 after CTX injection, the fraction of central nucleated fibres per field of view (FOV) was assessed as previously described (35) . Cross-sectional area measurements (CSA, d 0, 7, 10, 15 and 30 after CTX injection) were obtained using a digitized imaging system (ImageJ 1.38; National Institutes of Health) and at least 10 FOVs were counted for each mouse (20 × magnification). For immunofluorescence, sections were permeabilized with 0.1% Triton X-100 and nonspecific binding blocked by treatment with 5% bovine serum albumin (BSA) in phosphate-buffered solution (PBS) for 1 h at room temperature. Sections were then incubated with rabbit anti-PTX3 (2 μg/mL), rat anti-CD31 (5 μg/mL, Abcam), rat anti-CD68 (0.15 μg/mL, Biorad), chicken anti-laminin (1,5 μg/mL, DAKO), rabbit anti-laminin (5 μg/mL, SIGMA) and rabbit anti-fibrin (3.2 μg/mL, DAKO) antibodies in PBS and 2% BSA overnight at 4°C. Sections were then incubated with Alexafluor 488-conjugated anti-rat (4 μg/mL, Invitrogen) and/or Alexafluor 647-conjugated anti-chicken (4 μg/mL, Invitrogen) or with Alexafluor 594-conjugated anti-rabbit (4 μg/mL, Invitrogen) antibodies for 1 h at room temperature. Dead cells were detected using the in situ cell death detection kit (TUNEL assay, Roche), according to the manufacturer's instructions. To evaluate PTX3 expression and macrophage infiltration by immunohistochemistry, frozen muscle sections were fixed in PFA 4%, washed with PBS and treated with 0.3% hydrogen peroxide. Sections were then incubated with an avidin-biotin blocking reagent (Vector Laboratories), according to the manufacturer's instruction. Sections were permeabilized with 0.1% Triton x-100 and blocked with 5% BSA in PBS for 1 h at room temperature. Then sections were incubated with rabbit anti-PTX3 antibody (final concentration 2 μg/mL), rat anti-mouse CD68 (0.15 μg/mL, Biorad) or rabbit anti-mouse caspase 3 (1:50 dilution, Cell Signaling) antibodies. Primary antibodies were revealed using biotin-conjugated anti-rabbit or anti-rat immunoglobulin (eBiosciences) and horseradish peroxidase-streptavidin (Vector Laboratories) and Vector NovaRED substrate kit (Vector Laboratories). Slides were counterstained with hematoxylin. We quantified macrophages and dead cells as the number of CD68 + and caspase 3 + cells per FOV, respectively. We evaluated 20 sections for each mouse (20 × magnification). Slides were processed in parallel for immunofluorescence and immunohistochemistry using unrelated isotype-matched control antibodies. Samples were mounted using a mixture of glycerol and water (1/1, vol/vol). Evans blue (1% solution injected at 1% volume relative to body mass) was administered 24 h prior to tissue sampling. (36) . Pooled bone marrow cells derived from five donors were transplanted into 15 recipient animals. Mouse muscles were then injected with CTX as described above and analyzed 5, 7 and 10 d later.
Phagocytosis of Apoptotic Cells
Macrophages were derived from WT and PTX3
-/-bone marrow precursors and cultured for 7 d in α-MEM (GIBCO, Invitrogen) containing 10% fetal calf serum, antibiotic and glutamine in the presence of recombinant murine M-CSF (100 ng/mL, Miltenyi Biotech) (37) . Phagocytosis of apoptotic cells was assessed as described (16) . Parallel experiments were performed incubating macrophages and apoptotic RMA cells at 4°C for 2 h (i.e., a condition in which particulate substrates are not actively internalized).
Autoantibody Detection and Quantification
IgG anti-HisRS antibodies in the serum were measured using standard
Western Blot
Muscles of WT and PTX3 -/-mice were isolated and homogenized as described (27) . Lysates were then resolved by sodium dodecyl sulfate electrophoresis (10% acrylamide gels) and transferred. Appropriately blocked nitrocellulose membranes were incubated overnight with anti-MyoD antibody (1:200, Santa Cruz Biotechnology) and anti-myogenin antibody (1:500, F5D, Developmental Studies Hybridoma Bank), followed by anti-mouse or -rabbit horseradish peroxidase-conjugated secondary antibody (Biorad). In parallel, blots were probed with mouse anti-mouse GAPDH (1:10000, Sigma) or rabbit anti-mouse tubulin (1:200, Abcam) antibody as a reference for protein loading. Samples to evaluate myogenin and MyoD expression were loaded on different gels and normalized against GAPDH or tubulin using ImageJ.
Retrieval and Characterization of CD45 ± Muscle-infiltrating Leukocytes
Infiltrating cells were retrieved from damaged muscles at d 1, 3, 7, 10 and 15 after CTX by enzymatic digestion using collagenase type V (Sigma, 0.5 mg/mL) and dispase (Invitrogen, 3.5 mg/mL) at 37°C for 40 min. Single cells obtained from quadriceps muscle digestion were counted and analyzed by flow cytometry after isolation by CD45 magnetic beds (Miltenyi Biotech). Cells were incubated with PerCP-conjugated anti-CD45 (Clone 30-F11, BD Biosciences), PE-conjugated anti-F4/80 (Clone BM8, Biolegend) and FITC-conjugated Ly6G (Clone 1A8, Biolegend) antibodies and analyzed using a FACS Canto apparatus (BD Biosciences RNA Extraction and Quantitative RT-PCR RNA was extracted from muscles using TRIzol (Applied Biosystems), following the manufacturer's recommendations. Complementary DNAs were prepared from 1 μg of RNA by the high-capacity cDNA Reverse Transcription Kit (Applied Biosystems), according to the manufacturer's instructions. Quantitative reverse transcription polymerase chain reaction (qPCR) was carried out using SYBR-green PCR Master Mix (Applied Biosystems) on an ABI7400 (Applied Biosystems). Transcripts of target genes were quantified relative to the abundance of glyceraldehyde phosphate dehydrogenase (GAPDH) by the changein-threshold method. Sequences of primers used were: CD163: 5¢ GGGCTCCGTCTGTGATTTT 3¢ forward, 5¢ ACTACGCTGACATCCC TGCT 3¢ reverse; CD36: 5¢ TGACAAAG AGACCGCAAATC 3¢ forward, 5¢ ACC AAGCCAAAGAACACACC 3¢ reverse; MFG8: 5¢ ATCTACTGCCTCTGCCCTGA 3¢ forward, 5¢ CCAGACATTTGGCA TCATTG 3¢ reverse; Gas6: 5¢ GCCA AGATGTGGACGAGTG 3¢ forward, 5¢TCAAAAGTGCGGAAGTCAAA 3¢ reverse; Mer: 5¢ TGATGGCTACTC-CCCACTTC 3¢ forward, 5¢ TCTCATTC-CGACAGGACACA 3¢ reverse; GAPDH: 5¢ TCCACTCATGGCAAATTCAA 3¢ forward, 5¢ TTTGATGTTAGTGGGG TCTCG 3¢ reverse; MyoD: 5¢ ACGGCT CTCTCTGCTCCTTT 3¢ forward, 5¢ GTAGGGAAGTGTGCGTGCT 3¢ reverse; myogenin: 5¢ GACATCCCCCTAT TTCTACCA 3¢ forward, 5¢ GTCCCCAG TCCCTTTTCTTC 3¢ reverse.
solid-phase enzyme-linked immunosorbent assay (ELISA) as previously described (27) 
RESULTS
PTX3 expression is upregulated in regenerating skeletal muscle upon acute sterile injury. Muscles were acutely injured by local injection of the depolarizing toxin CTX. Sections of healthy muscle and of muscle retrieved 1, 3, 5 and 7 d after injury were analyzed for PTX3 expression. Scattered endothelial cells expressed PTX3 in healthy muscle ( Figures 1A and S1 ). PTX3 expression remained negligible 1 d after injury ( Figure 1B) and briskly increased at d 3 and 5 ( Figures 1C and D) . PTX3 expression was mainly restricted to the provisional extracellular matrix surrounding myofibers. It decreased at later time points (see d 7, Figure 1E) .
To identify the source of PTX3 in regenerating muscle, we retrieved inflammatory cells that infiltrated the tissue at various times after injury. Ly6G Results are expressed as mean ± s.e.m; n ≥ 15 (three-five mice/time point) per three independent experimental cohort.
( Figures 2B and C) . Five days after injury, PTX3 expression was clearly detectable in mice transplanted with PTX3 -/-bone marrow cells ( Figure 2C ), suggesting that both recruited bone marrow-derived and resident cells contribute to the expression of PTX3 in injured skeletal muscle.
PTX3 Expression is Required for Muscle Regeneration
Quadriceps muscles of WT and PTX3 -/-mice were injured by local injection of CTX. Muscle isolated before and 1, 3, 7, 10, 15 and 30 d after injury were analyzed and compared. The architecture of healthy muscle of WT and PTX3 -/-mice was similar ( Figure S2A ) and the area of fibers was not statistically different ( Figure S2B ). After CTX injection, WT and PTX3 -/-mice had a similar extent of early fiber damage ( Figures S2C and D) and infiltration by inflammatory leukocytes ( Figure S2E ), suggesting that sensitivity to the toxin is not greatly altered in the absence of PTX3. Seven days after injury, the inflammatory infiltrate was greatly reduced in WT mice and regenerating fibers (with the typical central nuclei) were abundant ( Figure 3A) . Infiltration by inflammatory leukocytes was still prominent at this time point in injured muscle of PTX3 -/-mice, while the number of regenerating fibers was low ( Figures 3B and C) .
Ten days after injury, inflammatory cells were not detectable in WT muscle ( Figure 3D ). In sharp contrast, at this time point inflammatory leukocytes infiltrated muscle ( Figure 3E ) while regeneration was limited in PTX3 -/-mice ( Figure 3F ). Figures 3G and I) , regeneration was prominent in WT mice, with no remaining signs of inflammation. In contrast, uncleared cell debris, disrupted tissue architecture inflammation and reduced regenerating fibers characterized muscle of PTX3 -/-mice ( Figures 3H and I ). Thirty days after injury, the muscle of WT mice healed ( Figures 3K and J is required for effective and timely healing of the tissue. The clearance of debris and the kinetics of regeneration were apparently conserved after injury of the muscles of WT mice lethally irradiated and transplanted with PTX3 -/-bone-marrow progenitors ( Figure S3 ).
Fifteen days after CTX damage (
The extent and kinetics of expression of the myogenic transcription factors MyoD and myogenin after injury in the presence or absence of PTX3 were similar ( Figures 4A and B) . In agreement, the cross-sectional area of regeneration myofibers did not differ in WT and PTX3 -/- mice ( Figure 4C ). Fibrin deposition in the provisional extracellular matrix surrounding regenerating fibers after CTX injury was low and apparently similar in WT and PTX3 -/-muscle ( Figure S4 ). The ability of macrophages to phagocytose apoptotic cells is maintained in the absence of PTX3. We verified whether the persistence of cellular remnants in muscles of PTX3 -/-mice was due to a cell autonomous defect. Phagocytes (CD11c + cells) from bone marrow precursors of WT and PTX3 -/-mice engulfed CMT-MR-labeled apoptotic RMA cells with similar efficiency (Figures 6A and B) . As expected, phagocytosis of apoptotic cells abated at 4°C, i.e., a temperature that does not allow reorganization of the actin-based cytoskeleton ( Figure 6B ). We investigated in WT and PTX3 -/-muscle the expression of molecules involved in the ability of macrophages to recognize and clear apoptotic cells. At d 3 after injury, both the expression of the receptor tyrosine kinase Mer-TK and its ligand, growth arrest-specific protein 6 (GAS-6) sharply increased. Upregulation of Mer-TK was significantly higher in the absence of PTX3, suggesting that macrophages recruited in the tissue are per se capable of recognizing the apoptotic prey and might upregulate the machinery involved in their clearance in an attempt to compensate for the frustrated phagocytosis ( Figures 6C and D) . The expression of the haptoglobin/hemoglobin scavenger receptor CD163, which identifies alternatively activated tissue-healing macrophages, followed similar kinetics ( Figure 6E ). At later time points, the tissue expression of milk-fat globule EGF factor-8 (MFG-E8), which promotes the phagocytic removal of apoptotic cells by bridging phosphatidylserine to integrin receptors on phagocytes, was also significantly higher in regenerating muscle of PTX3 -/-mice ( Figure 6F ).
Persistence of inflammation and accumulation of cell debris in injured
DiSCUSSiON
Immune cells, including antigenpresenting cells, are undetectable in skeletal muscle in physiological conditions, and the tissue expression of MHC class I molecules is limited. Moreover, the outcome of sterile injury in skeletal muscle appears to be recruitment of macrophages and T cells, which play nonredundant roles in muscle regeneration and possibly contribute to limiting of autoimmunity (34, 38, 39 (3, 23) . Further studies are warranted to identify the actual reasons behind the defective removal of apoptotic material from injured and regenerating skeletal muscle. We failed to detect major defects in the expression of signals involved in apoptotic cell recognition and clearance or detectable differences in the phagocytic functions of WT or PTX3
-/-macrophages in vitro. It is tempting to speculate that macrophages crawling in the matrix of regenerating muscles, in the absence of PTX3, fail to receive signals that are necessary to face the excess metabolic load associated with the clearance of apoptotic material generated as a consequence of acute sterile muscle injury (43) . We have recently observed that apoptotic myoblasts in the presence of appropriate adjuvants (activating TLR7-dependent inflammatory pathways and generation of type I interferon) are immunogenic after acute sterile injury (27) . They induce production of anti-HisRS antibodies and persistent CD3-positive cell infiltration, reproducing several features of human IIM. In spite of this, accumulation of cell remnants and persistent inflammation in PTX3-null mice anti-HisRS antibodies did not develop, indicating the need for specific adjuvant signals to promote immunogenicity of the antigens associated with the cell debris.
The detailed mechanisms of the PTX3 effect on regeneration lathering require further clarification in the future. Impaired regeneration of skeletal muscle could depend on a jeopardized function of muscle stem cells (30) . This is not likely, since similar kinetics of expression of MyoD and myogenin were found in PTX3 -/-and WT muscles during the regeneration phase, and the cross-sectional area of centronucleated fibers was similar. Inflammatory cells recruited to the damage site essentially comprise phagocytes, such as polymorphonuclear leukocytes, and macrophages, which play a nonredundant role in sustaining satellite cell activation (44) (45) (46) . Specifically, inflammatory macrophages within the regenerating tissue acquire a reparative function; this shift in turn requires phagocytosis of apoptotic cells (46, 47) . Macrophage expression of AMPKα1, a master regulator of energy homeostasis, regulates both clearance of apoptotic debris within the injured muscle and acquisition of the ability to support myogenesis (48) , indicating a causal link between the two phenomena.
In healthy mouse muscle, PTX3 is expressed at very low levels (28) . We observed that after muscle injury, PTX3 expression remains negligible in the damaged area until 3-5 d post-injury. Al this time point, PTX3 expression clearly increased and localized into the provisional extracellular matrix around fibers. This observation agrees with a role of this soluble pattern recognition receptor in various injured tissues that involves regulation of provisional ECM assembly (8, 18) . ECM features directly influence muscle regeneration (49) , and ECM degradation products promote macrophage polarization (50) , suggesting that the function of infiltrating macrophages might be influenced in injured muscle by the state of ECM.
Infiltrating macrophages represent a likely source of PTX3 in the tissue, even if not all muscle macrophages expressed PTX3. This could be explained by a rapid release of the protein at the site of injury after de novo production (51) and/or by preferential PTX3 expression in subsets of differentially activated macrophages, such as those expressing the CD163 haptoglobin/hemoglobin scavenger receptor (52) . Interestingly, PTX3 expression and accumulation of CD163-expressing macrophages correlate in the plaque of patients with acute myocardial infarction (52) .
Macrophages are not the only source of PTX3 in injured mouse skeletal muscle. We detected PTX3 in the muscle ECM of mice in which bone marrowderived cells failed to express the molecule, suggesting a role for stromal progenitor cells, possibly including fibroadipogenic precursors (53) . Stromal cells of mesenchymal origin represent a major source of PTX3 in wounded skin (18) , indicating that this is not a selective feature of injured skeletal muscle. Interestingly, PTX3 generated by stromal cells is sufficient to guide regeneration of skeletal muscle after sterile injury, indicating that local release of the molecule by inflammatory leukocytes might be partially redundant.
Most tissues have mechanisms to support effective recognition and clearance of apoptotic cells and debris. The timely expression of PTX3 in regenerating muscle appears to be one such mechanism, and to be necessary to prevent accumulation of uncleared apoptotic cells and prompt regeneration of the tissue. In spite of this, the signals that regulate muscle tolerance are regulated by a variety of signals next to the appearance of apoptotic cells. The contribution of removal of the dying cells and of signaling generated by the phagocytizing macrophages in breaking muscle tolerance remains an open question.
CONCLUSiON
PTX3 generation is an integral constituent of the physiological response of skeletal muscle to sterile injury. The soluble pattern recognition receptor plays a nonredundant role in removal of cellular debris from the tissue and in timely conclusion of the inflammatory response.
